The three-dimensional structure of recombinant hepatitis B core antigen (HBcAg) particles truncated at residue 154 (HBcAg-154) was determined to 7.8 Å resolution by cryo-electron microscopy (cryoEM) and computer reconstruction. The capsid of HBcAg-154 is mainly constituted by α-helical folds, highly similar to that of HBcAg-149. The C-terminal region between residues 155 and 183 of the core protein is more crucial to the encapsidation of RNA, and the short C-terminal tail of HBcAg-154 results in a nearly empty capsid.
Hepatitis B virus (HBV) is a noncytopathic, enveloped, double-stranded DNA virus that causes acute and chronic hepatitis and hepatocellular carcinoma [1] . Among the estimated 350 million patients who are chronically infected with HBV, one million will die every year. HBV belongs to the genus Orthohepadnavirus in the family Hepadnaviridae. The family members replicate by reverse transcription of an RNA intermediate, the pre-genomic RNA (pgRNA) in the hepatocytes of their hosts. The HBV virion consists of an inner nucleocapsid, surrounded by a lipid envelope containing large, medium and small, three forms of surface proteins [2] . During virus assembly, the core protein polymerizes around a complex consisting of pgRNA and P protein to form an immature nucleocapsid. P protein is a multifunctional enzyme composed by a C-terminal RNase H (RH) domain, a reverse transcription (RT) domain, an N-terminal protein (TP) domain and a middle spacer region [2] . The RNA is reverse transcribed into single-stranded DNA and concomitantly digested by an RH domain, after which the partial second DNA strand is synthesized, formally declaring the maturation of the HBV nucleocapsid [3] .
Both in vivo and in vitro, its core protein forms icosahedral capsids in two formations, respectively corresponding to triangulation numbers of T=3 and T=4 [4] . The core protein with 183 amino acids is divided into three parts: an N-terminal core domain used to construct the major capsid (residues 1-140), a C-terminal tail indispensable for RNA/DNA binding (residues 150−183), and a 10-residue linker between them (residues 141−149), whose length determines the number ratio of T=3/T=4 capsids [4] .
The scaffold of T=4 hepatitis B core antigen (HBcAg) particles truncated at residue 149 (HBcAg-149) is mainly constituted by α-helical folds, whose surface spikes are formed by bundles of four α-helices, two from each contributing monomer [5] [6] [7] . Its inner space is empty without observing RNA for the lack of a C-terminal tail. The capsid structure of the full-length HBcAg particle (HBcAg-183) is similar to that of HBcAg-149, while HBcAg-183 contains large amounts of RNA [8, 9] . The difference of RNA content indicates the significance of the C-terminal tail of the core protein in packaging RNA.
Here we report a three-dimensional structure of an HBcAg particle truncated at 154 (HBcAg-154) with a resolution of 7.8 Å by cryo-electron microscopy (cryoEM), which highly resembles that of HBcAg-149 not only on the capsid surface, but also in the interior of the capsid. This result indicates that the C-terminal tail of HBcAg-154 is too short (only five residues, much less than that of HBcAg-183) to encapsidate as many RNA molecules as HBcAg-183.
Materials and methods

Sample preparation and cryoEM
The HBcAg-154 particles were kindly provided by Professor Shih Chiaho (University of Texas Medical Branch), whose production and purification were similar to the previous procedures [10] .
Collecting cryoEM data from the HBcAg-154 particles was performed as previously described [11] . 2-3 μL aliquot of 1.5 mg mL −1 HBcAg particles was applied to a Quantifoil R 2/1 grid (Quantifoil Micro Tools Gmbh, Jena, Germany), quickly blotted with filter paper and plunged into liquid nitrogen-cooled liquid ethane so that the samples were embedded in a thin layer of vitreous ice across the holes of a carbon supporting film. Images were recorded at a magnification of 98000× (i.e., 59000×1.66, corresponding to 1.53 Å pixel size on the specimen scale) at 300 kV in an FEI G2 Polara cryo-electron microscope equipped with a TVIPS 16-megapixel CCD using an electron dose of 20 e Å −2 . 150 focal pair images were recorded. The first micrograph was a close-to-focus micrograph with an underfocus value of approximately 1.5 μm, and the second one was a far-from-focus image with an underfocus value approximately 2.5 μm.
Three-dimensional reconstruction and visualization
For three-dimensional reconstruction, selected micrographs in the appropriate defocus range, and without apparent specimen drift and charging, were used to select appropriate particles with the BOXER program of EMAN 1.8 [12] . Image processing and three-dimensional reconstruction were performed according to the established procedure [13] using the software package IMIRS [14] on an HP Workstation running Microsoft Windows XP.
Orientation estimation and refinement were done using both Fourier common lines [15, 16] and projection-matching methods [17] . The three-dimensional reconstruction was performed by the spherical harmonics method [18] . The defocus values of images were estimated from the positions of the contrast transfer function rings visible in the incoherently averaged Fourier transformations of particle images [19] , using the CTFIT program of the EMAN package [12] . Contrast transfer function correction and B-factor compensation were performed as previously described [20] . The focal-pair approach of orientation estimation was used, i.e., the orientation parameters were first determined from the far-from-focus pictures of the focal pairs and subsequently refined to a higher resolution using the close-to-focus pictures. Only the close-to-focus particle images were included in the final reconstruction [13] . Some particle images were eliminated based on phase residual and cross-correlation evaluations during orientation refinement and only about 70%-80% of the initially selected particle images were included in the final HBcAg-154 particle reconstructions.
The structures were segmented, displayed and fitted with core-149 crystal structures (PDB code: 1QGT) using UCSF Chimera [21] . For structural comparison and analysis, the volume structure of the HBcAg-149 particle at 8 Å resolution was made from its atomic structure using the "PDB2MRC" function of EMAN [12] .
Results and discussion
The cryoEM of HBcAg-154
Under a cryo-electron microscope, the HBcAg-154 particles have a typical hexagonal appearance whose outer surfaces are full of spikes (Figure 1) . The overall diameters of most particles are 36 nm (99% of all particles) across the tips of the spikes with a few of them having a diameter of about 32 nm (data not shown). The latter kind of particles has a T=3 icosahedral shell containing 180 subunits according to a previous report [22] . In our study, only the T=4 particles with a diameter of 36 nm were selected and used for the three-dimensional reconstruction. The final cryoEM map of the HBcAg-154 particle at a resolution of 7.8 Å was computed from images of 1124 individual particles taken from 150 micrographs.
The surface features of the capsid
From the reconstruction map of HBcAg-154, we observed 120 spikes on the shell surface from the outer view, as well as numerous holes which were distributed on a two-fold axis (diameter 12-15 Å), three-fold axis (diameter 14 Å), quasi-three-fold axis (diameter 14 Å) and five-fold axis (diameter 3 Å). The length of each spike was around 22 Å, as a classical symbol of HBV (Figure 2) .
Overall, the particle shows that a T=4 icosahedral shell is very similar to that computed from HBcAg-149 [5] , both containing 240 subunits clustered in 120 dimers. The atomic model of HBcAg-149 particle also fits very well into this map with an average-map-value of 85.25 in Chimera (Figure 3A) . The boundaries of each dimer unit are clearly visible in all regions, as well as the position of subunits in every dimer: Two subunits associate to give a compact dimer in which the two α-helices pack to form a four-helix bundle ( Figure 3B and C) . The well-fitting result indicates our cryoEM structure is accurate. The close consistency between these two structures indicates that no gross alteration has occurred in the outer protein shell as a result of the increase of basic C-terminal tails. It also indicates that the N-terminal core domain of the core protein (residues 1-140) is used to construct the major capsid, which exists both in HBcAg-154 and 149. There is no structural alteration of the capsid without changing the core domain.
The inner structure of HBcAg-154
The inner structure of HBcAg-154 was highly similar to that of HBcAg-149 [5] [6] [7] (Figure 4) . The RNA density was not observed inside the capsid while a strong shell of RNA was present between radii 90-125 Å in HBcAg-183 [9] . As one kind of HBcAg particle constructed by the entire core protein, HBcAg-183 encapsidates large amounts of RNA in the capsid. In addition, HBcAg particles truncated between residues 154 and 183, such as HBcAg-164, 169, 171 and 173, also contain obvious RNA densities inside for their basic C-terminal tails which are longer than that of HBcAg-154 [10] .
Arginine is the major amino acid responsible for the binding of RNA in the basic C-terminal tail. However, HBcAg-154 has only three arginines (R150, R152 and R154) in its short tail, less than those truncated HBcAg particles mentioned above (i.e., HBcAg-164 and 173) ( Figure 5 ). Thus we believe both HBcAg-149 and 154 lack enough arginines to bind large amounts of RNA, resulting in the nearly empty capsids. The residue 154-183 region in the C-terminal tail is an important factor in the encapsidation of RNA, which is rich in arginines. In summary, we gained the high-resolution structure of the HBcAg-154 particle through cryoEM reconstruction. The three-dimensional map reveals a protein architecture highly similar to that of HBcAg-149 [5] [6] [7] . The inner space of the HBcAg-154 particle is also nearly empty, indicating the minimum volume of RNA inside [10] . This is an outcome because its short C-terminal tail lacks enough arginines to package RNA. 
